INTRODUCTION
It is recommended that HIV-infected pregnant women receive nucleoside reverse transcriptase inhibitor (NRTI)-containing antiretroviral therapy (ART) for their own health and to prevent transmission of HIV to their child. 1, 2 Most NRTIs studied, including zidovudine (AZT), stavudine (d4T), and lamivudine (3TC), can cross the placenta and accumulate in the amniotic fluid, 3 leading to drug exposure to the developing fetus. Although toxicities have been reported in HIV-and ART-exposed infants, there are limited data on long-term effects of in utero ART exposure on uninfected children, and currently, the benefits of ART in pregnancy greatly outweigh potential risks to the infant. 4 Nevertheless, it remains vitally important to minimize toxicity.
NRTIs are known inhibitors of the telomerase reverse transcriptase (TERT), an enzyme that shares both mechanistic 5 and structural 6 homology with HIV reverse transcriptase. NRTIs can also cause telomere shortening, 7, 8 and AZT's ability to inhibit TERT is central to its chemotherapeutic action in acute T-cell leukemia. 9 In animal studies, shorter telomeres were detected in various tissues from newborn mice exposed to AZT transplacentally 10 and from monkeys exposed to AZT + 3TC. 11 Shorter telomeres are associated with reduced life span and a variety of age-associated diseases including cardiovascular, 12 neurodegenerative, liver, and kidney diseases. 13 Although newer antiretrovirals exist that may not affect TERT, the lack of clinical trial safety data currently precludes their recommendation for widespread use in pregnancy.
The aim of the present study was to address 2 fundamental questions: Do infants exposed to ART in utero and peripartum show shorter telomeres than those born to (a) HIV-infected untreated mothers? or (b) HIV-negative mothers? To address the first question, leukocyte telomere length (TL) was measured retrospectively in a group of HIVinfected women who were either untreated or treated with ART, as well as in their HIV-exposed uninfected (HEU) newborn infants (SJ cohort). To address the second question, a group of HIV-infected women treated with combination ART and their infants, as well as control HIV-uninfected women/ infant pairs, were prospectively studied (PR/CARMA cohort) (see Table  1 , Supplemental Digital Content, http://links.lww.com/QAI/A329). Placental tissue and progenitor cells present in higher abundance in umbilical cord blood both express telomerase activity. 14, 15 Hence, TL was also examined in these tissues.
MATERIALS AND METHODS

Study Subjects
Retrospective SJ Cohort Stored samples from participants (N = 120) of the Centre Maternel et Infantile sur le SIDA Mother-Child Cohort, Centre Hospitalier Universitaire Sainte-Justine, Montreal, Canada, were used. HIV-infected women who were either ART untreated (n = 39) or treated with mono-, dual-, or triple-ART (n = 81) during pregnancy, as per standard of care at the time, and their HEU infants born between 1990 and 2000 were included. These women were primarily newcomers from countries where HIV is endemic. Dried blood spot samples, collected from the women near delivery (,4 months before delivery to ,1 month after) and from infants ,6 weeks old, were stored at 280°C. Data collected for all subjects included maternal age, gestational age at birth, maternal ethnicity, clinical and pregnancy history, ART history, where applicable, smoking ever during pregnancy, use of drugs of addiction during pregnancy, duration of HIV infection at delivery, and CD4 + T-cell counts and HIV plasma viral load (pVL) at the visit closest to, but before, delivery (Table 1) . For the infants, birth information and perinatal ART exposures were recorded.
Prospective PR/CARMA Cohort HIV-infected women (n = 59) and HIV-uninfected controls (n = 44) were enrolled during pregnancy in a mother/child HIV cohort study at British Columbia Women's Hospital, Vancouver, Canada, from 2005 to 2009. All HIV-infected subjects received combination ART, as per time-specific clinical guidelines. Maternal venous blood was collected between 32 and 36 weeks of gestation, and heel prick blood was collected from uninfected infants within 7 days of birth and stored at 280°C. Placental tissue was taken from both sides (maternal and foetal) of the organ, usually within 2 hours of delivery and either frozen at 280°C or in liquid nitrogen. Cord blood was collected at birth and stored at 280°C. Most PR/CARMA cohort participants had all 4 types of samples collected. Sociodemographic and clinical data were collected as above, except that CD4 + T-cell counts and HIV pVL were measured 1-4 weeks before delivery ( Table 2 ). History of hepatitis C virus (HCV) infection was based on a positive HCV polymerase chain reaction (PCR) and/or HCV antibody test ever. In both cohorts, repeat pregnancies were excluded.
Measurement of TL
See
Supplemental Digital Content (http://links.lww.com/QAI/A329).
Statistical Analysis
Analysis of covariance was used to examine the differences in TL between exposed and unexposed infants (SJ cohort) or exposed and control infants (PR/CARMA cohort) and their mothers. Relevant covariates, including maternal age at delivery, gestational age at birth (for infants), maternal smoking ever in pregnancy, and use of drugs of addiction and/or methadone ever in pregnancy, were included in the statistical model. Linear regression analyses were used to investigate additional HIV-specific predictors of TL, including maternal HIV pVL, CD4 + cell count, duration of HIV infection, and duration of maternal prepregnancy ART exposure. Both Pearson and Spearman correlations were used to examine the relationships between TL of samples.
RESULTS
Demographics, clinical characteristics, and laboratory values for the SJ and PR/CARMA cohorts are shown in Table 1 and Table 2 , respectively. The comparison between average leukocyte TL measured by quantitative PCR and median absolute lymphocyte TL measured by flow fluorescence in situ hybridization on a subset of cord blood samples showed the that 2 methods yielded highly correlated TL measures (n = 26; Pearson: r = 0.91; P , 0.0001) (see Figure 1 , Supplemental Digital Content, http://links.lww.com/QAI/A329).
Influence of ART Exposure on TL in HIV-Infected Women and Their HEU Infants (SJ Cohort) gender, and Apgar score at 5 minutes. There was also no significant difference in age or ethnicity between the mothers. The majority of subjects in both the groups were blacks, followed by whites (Table 1 ). Smoking and use of drugs of addiction in pregnancy were also similar between the 2 groups. Thirteen (16%) HIV + /ART-exposed pregnant women conceived on ART, 2 (2%) started ART in the first trimester, 55 (68%) in the second trimester, and 11 (14%) in the third trimester, for a median in utero exposure of 20 weeks. After ART initiation, all subjects remained on therapy for the duration of pregnancy. Of 81 HIV + /ARTexposed pregnant women in the SJ cohort, 45 (56%) received AZT monotherapy, 21 (26%) received dual therapy, and the remaining 15 (19%) were treated with triple therapy. Of those treated with triple therapy, 14 received AZT + 3TC + nevirapine.
Leukocyte TL was compared between mothers and infants within and between the ART-exposed and the ART-unexposed groups of the SJ cohort. Maternal leukocyte TL was significantly shorter than that of their infants (P , 0.001) (Fig. 1A) . Maternal/infant TL were weakly correlated (see Table 2 , Supplemental Digital Content, http://links.lww.com/QAI/ A329). However, there were no significant difference in TL between ART-exposed and ART-unexposed mothers (P = 0.19), nor was there a difference in TL between their infants (P = 0.68). There was also no difference between maternal and infant TL whether AZT monotherapy, or dual or triple therapy was used during pregnancy (see Figure 2 , Supplemental Digital Content, http://links.lww.com/QAI/A329). There was no change in statistical significance between the 2 groups after adjustment for the following covariates: maternal age at delivery, gestational age at delivery, smoking ever in pregnancy, and use of drugs of addiction ever in pregnancy (Table 3 ; Fig. 1A ). Older maternal age was associated with longer infant telomeres (n = 120; Pearson: r = 0.232; P = 0.01). Smoking during pregnancy was independently associated with shorter infant TL (n = 117; Pearson: r HEU infants born to HIV-infected, ART-treated mothers and uninfected children born to HIV-uninfected control mothers were similar in terms of gestational age and weight at birth, gender, Apgar score at 5 minutes, delivery method, and maternal age, although there were differences with respect to ethnicity. The HIV-infected, ART-exposed group included more aboriginal people and fewer Asians than the control group and no black or Hispanic women (Table 2) . A history of HCV infection was more common in HIV-infected, ART-exposed mothers than in controls. As data on HCV infection was not available for many control mothers (because it is not part of routine screening in HIV-negative pregnancies), it was not included in the statistical model. Of note, when available, HCV infection was highly correlated with the use of drugs of addiction. Smoking and use of drugs of addiction and/or methadone ever during pregnancy were well balanced between the 2 groups. All the mothers who reported smoking marijuana during pregnancy also smoked cigarettes, and of the mothers who received methadone during pregnancy, 81% (n = 21 of 26 in both groups) also used drugs of addiction. In the PR/CARMA cohort, 11 (19%) HIVinfected women conceived while on ART and remained on treatment, whereas 9 (15%) started ART in the first, 33 (56%) in the second, and 6 (10%) in the third trimester, for a median in utero ART exposure of 19.3 weeks, which was not statistically different in the SJ cohort (P = 0.66). The majority of the women in the PR/CARMA cohort were treated with AZT + 3TC + protease inhibitor (±ritonavir) (n = 41, 69%) and the women who conceived on ART were more likely to be on alternate regimens (n = 6, 55%). Half (30 of 59) of the HIV-infected women in this cohort were ART exposed before the studied pregnancy. Near delivery, median CD4 + T-cell count was 450 cells per microliter and 17% of women had a detectable pVL, with a median of 321 HIV RNA copies per milliliter plasma.
Peripheral blood leukocyte TL was compared between mothers and infants within and between the HIV-infected ARTexposed group and the control group. Again, maternal TL was significantly shorter than that of their infants (P , 0.001). However, no statistically significant TL differences were observed between HIV-infected and control mothers, or between their infants, before or after adjusting for covariates (Table 3 ; Fig.  1B ). In the PR/CARMA cohort, infant TL correlated with maternal TL (Fig. 2) and more strongly correlated with cord blood and placenta TL than maternal TL was, whether considering all samples or each group separately (for detailed correlations between samples, see Table 3 , Supplemental Digital Content, http://links.lww.com/QAI/A329). Cord blood leukocyte TL, as measured by quantitative PCR, was significantly shorter in the HIV-infected, ART-exposed group than in the control group (P = 0.04). After controlling for maternal age, maternal ethnicity, gestational age at delivery, smoking ever, and use of drugs of addiction/methadone ever in pregnancy, this difference became more marginally significant (P = 0.06). None of the covariates examined were independently associated with TL in peripheral or cord blood.
In placental tissue, TL strongly correlated between the maternal and foetal sides of the organ in both groups (see Table 3 , Supplemental Digital Content http://links.lww.com/QAI/A329), and there were no statistically significant relationships between gestational age at delivery or maternal age and TL. No differences in TL were observed between the 2 groups in unadjusted comparisons (Table 3 ). However, after adjusting for covariates, placenta from HIV-infected, ART-exposed pregnancies showed shorter TL on the maternal side than controls (P = 0.032) and a similar trend was noted in samples obtained from the foetal side of the organ (P = 0.08). Smoking in pregnancy was independently associated with shorter placental TL on the maternal side (P = 0.041) and tended similarly on the foetal side (P = 0.055).
Among HIV-infected, ART-exposed subjects from the PR/CARMA cohort, the following variables were also considered as potential predictors of TL in linear regression models: duration of maternal HIV infection, duration of maternal prepregnancy ART exposure, length of infant in utero ART exposure, and pVL and CD4 + T-cell counts near delivery. None of these variables was associated with infant TL or placental TL on the maternal side. However, higher CD4 + T-cell counts (P = 0.047) and longer duration of HIV infection at delivery (P = 0.016) were associated with shorter maternal TL (n = 52). In similar regression models, higher CD4 + T-cell counts (P = 0.018), higher pVL (P = 0.009), and older maternal age (P = 0.043) were associated with longer cord blood TL (n = 47). Finally, higher HIV pVL was associated with longer placental TL on the foetal side (P = 0.028).
DISCUSSION
Exposure to ART or HIV/ART and TL Results obtained in our retrospective cohort study (SJ cohort) comparing TL in HIV-infected mothers treated or untreated with ART in pregnancy and in their HEU infants did not reveal significantly different TLs in maternal or infant peripheral blood leukocytes. This suggests that in the context of pregnancy, perinatal exposure to ART itself is not associated with shorter TL in infants, a reassuring finding. Further comparison of HIV-infected ART-treated mother/ infant pairs, this time with uninfected control mothers and their infants as part of the prospective PR/CARMA cohort study, also did not detect any significant TL difference between the groups, suggesting that maternal HIV infection does not exert an important effect on TL. In the PR/CARMA cohort, maternal TL positively correlated with both infant blood and cord blood TL, in accordance with other studies. 16 ,17 Some differences emerged in cord blood and placenta, whereby shorter TL were seen in the HIV/ART-exposed group compared with uninfected controls. Interestingly, the mean TL value for each of the 7 sample types investigated within the 2 cohorts was consistently lower in the exposed group than in the unexposed one (Table 3 ). Although the difference in TL reached significance in a few instances only, such unidirectional change in TL between the groups is unlikely to be coincidental. It is noteworthy that the greatest decrease in TL was seen in cord blood, a tissue that contains telomerase-expressing hematopoietic, mesenchymal, and endothelial stem cells in higher abundance than peripheral blood. 18 As hematopoietic stem cells are the precursors of other cord blood nucleated cells, inhibition of telomerase activity by ART could exert the most impact on TL within this compartment. The larger effect seen in cord blood compared with infant peripheral blood could also reflect its distinct rather than linear origin, as recently suggested. 19 Nevertheless, this observation raises concern on the potential effect of NRTI on stem cells and requires further study.
Importantly, although ART exposure itself did not emerge as an important predictor of shorter TL in mothers or infants, some well-recognized health risk factors did. Smoking and use of drugs of addiction ever in pregnancy was associated with shorter TL in mothers and in their infants in the SJ cohort. Both are known sources of oxidative stress, [20] [21] [22] a major cause of telomere attrition through decreased TERT expression, which is regulated by redox-sensitive transcription factors, [23] [24] [25] [26] and/or telomeric DNA oxidative damage. 23 In a mouse model, cigarette smoke exposure was shown to induce oxidative stress, telomere shortening, and apoptosis. 27 In tissues that have higher expression of telomerase, namely, cord blood and placenta, the association observed between higher pVL and longer placenta TL among HIV/ART-treated PR/CARMA subjects could suggest some placental telomerase inhibition in the presence of effective ART. However, although foetal growth retardation has previously been associated with reduced placental telomerase activity 28 and accelerated placenta telomere shortening, 29 we did not observe any difference in infant birth weight in the ART-exposed groups compared with both the untreated (SJ cohort) or uninfected groups (PR/CARMA cohort). Among HIV + /ART-treated mothers in the PR/CARMA cohort, duration of HIV infection, which may be a surrogate indicator of exposure to inflammation and oxidative stress, was also associated with shorter TL. Taken together, our results suggest that the negative effects of known risk factors, such as smoking, use of drugs of addiction, and inflammation, likely exert greater influence than ART on the leukocyte TL of mothers and their infants.
Age and TL
As expected, 30, 31 mothers had shorter TL than their infants in both cohorts. Furthermore, in agreement with previous studies, TL was longest in placental tissue, 32 followed by cord blood, infant, and maternal peripheral blood leukocytes. 33 In both cohorts, maternal and infant TL positively, albeit weakly, correlated, but maternal age and maternal TL showed no correlation, likely because the age of the mothers (interquartile range = 26-35 years) spans a time of high interindividual variability and relative leveling of telomere attrition rate compared with rates seen at younger or older ages. 34 In regression analyses, older maternal age was associated with longer TL in both the infants' peripheral blood and cord blood. This seemingly counterintuitive observation is in agreement with previous cohort studies that demonstrated a clear relationship between older parental age and longer TL in progeny, 35, 36 presumably a result of telomerase activity in germ line cells. 36 Although this relationship is strongest with paternal age, it has also been reported on the maternal side in a large cohort. 17 Paternal age or paternal ethnicity data were not available for this study, but as there was no difference in the maternal ages between the groups, it is plausible that there would be little difference in paternal ages.
Other limitations of this study include the higher interindividual coefficients of variation we observed for control infant peripheral blood leukocyte TL and cord blood TL (both 20%-25%), compared with those reported in the literature 16, 37 when this study was designed. This challenged the power of our study to detect small differences in TL. However, the cord blood TL variability we observed is in agreement with a more recent study, published after we completed data collection. 38 Given that in the prospective observational cohort, there were no women who were HIV infected and not treated with ART, it was not possible to ascertain whether any TL differences observed were related to HIV, ART, or both. Finally, peripheral blood leukocyte TLs were generally longer in the SJ cohort than in the PR/CARMA cohort, and some of the associations with TL were not reproduced in both cohorts. Potential explanations include, but are not restricted to, the fact that different samples were collected (dried blood spot vs. whole blood) and stored for different lengths of time. The ethnic makeup of the 2 cohorts also differed considerably, and the threshold for categorizing a subject as smoking/using drugs of addiction may have differed slightly between the 2 cohorts.
In conclusion, our results on TL in mother and infant peripheral blood suggest that oxidative stress related to smoking or use of drugs of addiction is a stronger factor affecting TL than HIV and/or ART exposure. Advocating a healthy lifestyle for HIV-infected women could play an important role in counteracting any negative effect of HIV or ART on their child's future health. In tissues that express higher telomerase activity, such as cord blood and placenta, reduced exposure to ART, as reflected by higher pVL, may better preserve telomeres. Maternal HIV infection itself also seems to have minimal effect on infant TL, although in HIV-infected mothers, longer duration of HIV infection, which could reflect a greater exposure to inflammation and oxidative stress, may explain the association seen with shorter maternal TL.
At a time when programs involving prevention of mother-to-child HIV transmission with ART are being extended to large numbers of mothers and infants in the developed and developing countries, our observations suggesting that ART does not significantly affect TL in the peripheral blood of ART-exposed mothers and their infants are reassuring. However, the trend observed toward shorter TL in exposed samples in general, and in cord blood in particular, warrants further study. This is especially true considering several reports of possible long-term side effects associated with ART exposure. [39] [40] [41] [42] These studies at the cellular level represent an important complement to long-term clinical studies on ART in the context of pregnancy.
